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ABSTRACT
A fundamental gap in the current understanding of galaxies concerns the thermody-
namical evolution of the ordinary, baryonic matter. On one hand, radiative emission
drastically decreases the thermal energy content of the interstellar plasma (ISM), in-
ducing a slow cooling flow toward the centre. On the other hand, the active galactic
nucleus (AGN) struggles to prevent the runaway cooling catastrophe, injecting huge
amount of energy in the ISM. The present study intends to deeply investigate the role
of mechanical AGN feedback in (isolated or massive) elliptical galaxies, extending and
completing the mass range of tested cosmic environments. Our previously successful
feedback models, in galaxy clusters and groups, demonstrated that AGN outflows, self-
regulated by cold gas accretion, are able to properly quench the cooling flow, without
destroying the cool core. Via 3D hydrodynamic simulations (FLASH 3.3), including
also stellar evolution, we show that massive mechanical AGN outflows can indeed solve
the cooling flow problem for the entire life of the galaxy, at the same time reproducing
typical observational features and constraints, such as buoyant underdense bubbles,
elliptical shock cocoons, sonic ripples, dredge-up of metals, subsonic turbulence, and
extended filamentary or nuclear cold gas. In order to avoid overheating and totally
emptying the isolated galaxy, the frequent mechanical AGN feedback should be less
powerful and efficient ( ∼ 10−4), compared to the heating required for more massive
and bound ellipticals surrounded by the intragroup medium ( ∼ 10−3).
Key words: cooling flows – galaxies: active – galaxies: ISM – galaxies: jets – hydro-
dynamics – intergalactic medium – X-rays: galaxies: ellipticals.
1 INTRODUCTION
The present paper is the third of a series aimed to investi-
gate how massive black holes (BHs) control the thermal and
dynamical evolution of the gaseous component of galaxies,
groups and clusters. The focus of this investigation is the ef-
fect of AGN feedback on the interstellar medium of isolated
and massive elliptical galaxies.
The key role of active galactic nuclei outbursts in ster-
ilising the parent galaxy – quenching star formation and gas
cooling – has become blatant in the last decade. The need
for sustained gas heating in a range of astronomical systems
comes from both observations and theory. High spatial res-
olution X-ray and radio images of clusters, groups and ellip-
tical galaxies reveal a clear connection between the nuclear
activity and the large scale disturbances in the hot gas, such
as X-ray cavities often filled with radio emission (e.g. Chura-
? E-mail: massimo.gaspari4@unibo.it
zov et al. 2000; Diehl & Statler 2008a; Dunn et al. 2010b; Gi-
acintucci et al. 2011), and shocks (Baldi et al. 2009). These
features are thought to be the manifestation of the heat-
ing process necessary to prevent the excessive gas cooling
predicted by the classic cooling flow theory (Fabian 1994;
Mathews & Brighenti 2003). X-ray and UV spectroscopy
indicate indeed cooling rates at least one order of magni-
tude lower than simple expectations, both in galaxies than
in clusters/groups – this is the so-called cooling flow prob-
lem (e.g. Peterson et al. 2001, 2003; Oegerle & Hill 2001;
Xu et al. 2002; Tamura et al. 2003; Bregman et al. 2001,
2005, 2006). Excellent reviews on this subject are provided
by Peterson & Fabian (2006), McNamara & Nulsen (2007),
and Bo¨hringer & Werner (2010).
Another piece of evidence for the reduced cooling rates
comes from the lack of significant star formation in most
massive elliptical galaxies (e.g. Ferreras & Silk 2000; Trager
et al. 2000; Graves et al. 2009; Jeong et al. 2009), which
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are typically located in the quiescent part of the infrared
colour-colour diagram (Temi et al. 2009).
The problem of ISM heating and the related absence of
cold gas in elliptical galaxies is long-lasting. This was inves-
tigated forty years ago by Mathews & Baker (1971) seminal
paper to explain the dearth of cold ISM in typical ellipti-
cals. They proposed that type Ia supernovae (SNIa) explo-
sions heat and eject the ISM, which is continuously supplied
by stellar winds from evolving stars. Subsequent investiga-
tions (MacDonald & Bailey 1981; Mathews & Loewenstein
1986; Loewenstein & Mathews 1987; Ciotti et al. 1991; David
et al. 1991) have analysed in depth the secular evolution of
the ISM in isolated ellipticals. SNIa heating is indeed able
to prevent gas cooling and drive global winds in small or
intermediate ellipticals but not in massive galaxies, which
usually reside at the centre of a massive dark halo. These
systems necessitate a different energy source.
Furthermore, galaxy formation theory requires a mecha-
nism to substantially reduce star formation in massive galax-
ies in order to agree with the observed sharp cut-off of the
luminosity function at the high-mass end (Benson et al.
2003; Balogh et al. 2006; Croton et al. 2006; Cattaneo et al.
2009), although ellipticals at the centre of cool-core systems
show sometimes significant star formation rates (O’Dea et al.
2008). It is now clear that supernova heating alone is insuffi-
cient to prevent the gas from cooling and forming stars (e.g.
Tornatore et al. 2003; Piontek & Steinmetz 2011). Thus,
the black hole at the centre of massive galaxies becomes the
natural suspect for providing the required feedback heating
(Binney & Tabor 1995; Churazov et al. 2002).
From an energetic point of view, AGNs are able to
satisfy galaxies or clusters heating demand. For a typical
black hole mass of MBH ≈ 109 M (e.g. Ferrarese & Mer-
ritt 2000; Gebhardt et al. 20001), an amount of energy
EBH ≈ 0.1MBHc2 ≈ 2 × 1062 erg could in principle be in-
jected in the surrounding gas. This is a sizeable fraction of
the whole energy radiated away by the intracluster medium
(ICM) in a massive cluster lifetime, and is significantly larger
than the binding energy of the interstellar medium in a typ-
ical elliptical galaxy or group. For example, the gas binding
energy for the massive, X-ray bright group NGC 5044 is
≈ 9× 1061 erg (Mathews et al. 2005).
Many fundamental questions about the physics of the
AGN feedback, however, remain unanswered (see also Os-
triker et al. 2010). A key issue is to identify the physical
process through which the AGN interact with the surround-
ing gas. Several mechanisms have been proposed and numer-
ically investigated, including radiative heating by quasars
(Ciotti & Ostriker 1997), cavities generated through the
injection of thermal energy or cosmic rays (Dalla Vecchia
et al. 2004; Bru¨ggen et al. 2005; Mathews & Brighenti 2008;
Mathews 2009; Guo & Mathews 2010), or bipolar mechani-
cal outflows/jets (Omma et al. 2004; Soker & Pizzolato 2005;
Zanni et al. 2005; Brighenti & Mathews 2006; Vernaleo &
Reynolds 2006; Bru¨ggen et al. 2007; Gaspari et al. 2009,
2011a,b, 2012).
In low-redshift systems it seems likely that massive
1 The most massive BH at the centre of brightest clusters can
be even an order of magnitude heavier, like the BH in NCG 4889
with MBH ∼ 2× 1010 M (McConnell et al. 2011).
black holes mostly accrete mass and return energy in a
radiatively inefficient way (Fabian & Rees 1995; Loewen-
stein et al. 2001; Di Matteo et al. 2003; Taylor et al. 2006).
Thus, while luminous quasars might have been an impor-
tant source of heating at high redshift, with the peak of
the QSO distribution at z ∼ 2, (Nesvadba et al. 2008; Moe
et al. 2009; Dunn et al. 2010a), observations point to ad-
vection dominated accretion flow (ADAF)-like systems as a
primary source of local AGN feedback. These accretors nat-
urally generate powerful outflows (Narayan & McClintock
2008 and references therein).
Recent X-ray and radio observations (see the reviews
by McNamara & Nulsen 2007 and Gitti et al. 2012) provide
a crucial guidance to narrow down the range of the possi-
ble heating scenarios. The common presence of radio-filled
X-ray cavities, ellipsoidal weak shocks and metal (iron) en-
hancements along the radio jet path (e.g. Gitti et al. 2010;
Kirkpatrick et al. 2011; Randall et al. 2011) strongly sug-
gests that local AGNs introduce energy directionally and in
mechanical form, likely as bipolar massive outflows or jets.
For this reason in Gaspari et al. (2011a,b – G11a,b) we
tested a variety of outflow models in clusters and groups in
order to verify whether this mechanical feedback is able to
quench cooling without overheating the core, an often un-
welcome byproduct of central energy injection (Brighenti &
Mathews 2002, 2003, 2006). We showed that massive, sub-
relativistic outflows are indeed a viable mechanism to solve
the cooling flow problem in clusters and groups. In lighter
systems the AGN feedback must be however more gentle and
continuous, or, in other words, in massive clusters a possi-
ble quasi continuous low-power activity must be intermixed
with sporadic powerful events.
In the present work we study how the AGN feedback
self-regulates in a galactic environment and test the models
against several observational constraints. Massive elliptical
galaxies are in fact important laboratories to study the AGN
feedback process in the local universe. Their ISM shines in
X-ray and many giant ellipticals are relatively nearby, within
a distance of ∼ 15 − 30 Mpc – a valuable virtue compared
to X-ray bright, but distant, massive clusters. The relative
proximity allows thus the investigation of a region closer to
the AGN, where the feedback engine might manifest itself
in a clearer way.
In Section 2, we present our theoretical modelling and
the details of the numerical methods. We adopt a simple
recipe to activate the outflows, based on gas cooling near
the central black hole. We discuss in Sec. 2.1.1 why it is not
feasible to investigate with appropriate accuracy the accre-
tion and the outflow generation processes. We turn instead
our attention to the effect of the outflows on large scales. We
analyse the observable consequences of the assumed feed-
back scenario on the environment of an isolated elliptical
(Section 3) and a galaxy with circumgalactic gas (Section
4). In Section 5, we discuss the key features of the results
presented in this work, and summarise the effects of mechan-
ical AGN feedback on every scale, from galaxies to massive
clusters.
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2 THEORETICAL AND NUMERICAL SETUP
2.1 AGN feedback
2.1.1 What is the accretion rate?
As remarked in the Introduction, massive black holes in
nearby X-ray bright ellipticals likely accrete gas through a
radiatively inefficient mechanism. ADAF models naturally
predict outflows and jets (Narayan & McClintock 2008),
which might provide the mechanical feedback we study in
the present article.
Our feedback scheme assumes that the black hole reac-
tion is proportional to the accretion rate (Sec. 2.1.2). This
simple conjecture leads, however, to a substantial difficulty
in building a self-consistent model, i.e. properly estimating
the BH accretion rate. This is such a complex problem that
we should not be ashamed to accept our ignorance. We give
below some reasons why the accretion rate (and the BH
growth) can not be investigated in depth within the frame
of our models, and must therefore be estimated with some
subgrid scheme, which usually depends on the uncertain
gas properties in the nuclear region. Because the simulated
ISM in the central few hundreds pc is quite different from
that of real ellipticals, our calculated accretion rate should
not be trusted with high confidence. We suspect that this
is true for most numerical works on AGN feedback, either
in galaxies or clusters. Specifically, the motivations which
lead to a rather uncertain accretion rate are the following.
(i) In order to self-consistently model the three-
dimensional accretion flow, using magneto-hydrodynamics,
the necessary condition is to numerically resolve a re-
gion with size a few Schwarzschild radii, RS ≈ 3 ×
1014(M/109M) cm ≈ 10−5RB (where RB is the usual
Bondi radius). This is currently not feasible for (3D) simu-
lations aimed to investigate galactic-scale flows. Because the
direct calculation is impractical, we are left to rely on a sub-
grid prescription to estimate the accretion rate. However,
this is a formidable task; the exact quantitative of mate-
rial that is considered ‘accreted’ must be taken with serious
caution and only as a rough approximation.
(ii) Many studies – including ours (G11a,b) – use the
Bondi (1952) theory to estimate the instantaneous mass ac-
cretion rate onto the BH (e.g. Springel et al. 2005; Cattaneo
& Teyssier 2007; Sijacki et al. 2007; Puchwein et al. 2008;
Booth & Schaye 2009; Dubois et al. 2010). In order to make
results compatible with observations, the Bondi accretion
rate is often artificially and arbitrarily boosted by a factor
of ∼ 100 (see Booth & Schaye 2009 for a related discussion).
While this is a convenient parametrisation, it seems unsafe
to rely on it for a realistic representation of the accretion pro-
cess. Beside complications such as turbulence, rotation and
magnetic fields (see Krumholz et al. 2005, 2006; Igumen-
shchev 2006; Mos´cibrodzka & Proga 2008, 2009; Narayan
& Fabian 2011), which can easily change the classic accre-
tion rate by a factor of a few, we believe that cooling (and
heating) make the Bondi assumption particularly hazardous.
The central ISM can be prone to thermal instabilities which
can drastically change the nature of the accretion process
(Pizzolato & Soker 2005; Gaspari et al. 2012; McCourt et al.
2012; Sharma et al. 2012). In fact, in the presence of a clas-
sical cooling flow the mass inflow rate at some small radius
is determined by the gas cooling process rather than the
BH gravity. Thus, we expect M˙BH ≈ 0.1 − 1 M yr−1 for
an isolated elliptical galaxy. Accretion scenarios suggested
by King & Pringle (2007) and Pope (2007, 2009) also differ
significantly from the Bondi prediction.
The common assumption in numerical models is to take
as Bondi boundary conditions some average of density and
temperature within a radius larger than RB, usually a sim-
ulated region filled with smooth hot gas. However, the real
ISM at the fiducial Bondi radius for the hot gas (≈ 50 pc) is
often constituted by a multiphase, dusty ∼ 104 K gas (Heck-
man et al. 1989; Shields 1991; Buson et al. 1993; Goudfrooij
et al. 1994; Macchetto et al. 1996; Ferrari et al. 1999; Mar-
tel et al. 2000; Tran et al. 2001; Colbert et al. 2001; Verdoes
Kleijn et al. 2002), which can be both dynamically relaxed
or in chaotic motion (Caon et al. 2000; Sarzi et al. 2006,
2010). This warm gas is likely intermixed with hot ISM, and
the interaction between the two phases is poorly understood.
With such a complex gas conditions it is difficult to estimate
the accretion rate. With 1D or 2D simulations it is relatively
easy to resolve the Bondi radius in galactic flows (e.g. Ciotti
& Ostriker 1997; Brighenti & Mathews 1999; Quataert &
Narayan 2000; Novak et al. 2011), yet the necessarily sim-
plified gas physics adopted and the limits imposed by the
geometry prevent these models to catch the complexity of
the ISM near the black hole.
Because of these (not easily quantifiable) uncertainties
we prefer to not assume any sophisticated subgrid modelling
for the accretion process.
(iii) Finally, the assumptions made for stellar source
terms (smooth injection of mass and energy from evolved
stars and SNIa), described in Section 2.2.1 (see also Math-
ews & Baker 1971; Loewenstein & Mathews 1987; Mathews
& Brighenti 2003), clearly break down within the galactic
core. A mature SNIa remnant would have a size of ≈ 50 pc
if the external medium has a number density of ∼ 0.1 cm−1
and a temperature ∼ 107 K, comparable with the galactic
core radius. Stellar winds from orbiting stars likely generate
long tails of warm gas, several tens of pc in size (Mathews
1990; Parriott & Bregman 2008; Bregman & Parriott 2009),
giving rise to inhomogeneities. The stellar material can
indeed help explaining the ubiquitous presence of emission
line gas at the centre of early-type galaxies (Mathews
& Brighenti 2003). These intrinsic limitations, along
with the lack of merging as possible source of gas, hamper
a proper modelling of the ISM in the central ≈ 100−200 pc.
For all the previous reasons, we believe that it is futile to
investigate the details of BH accretion history in the present
work. Therefore, we realistically limit the goal of our study
to the effects of (large scale) outflows on the ISM evolution.
2.1.2 Self-regulated mechanical outflows
Encouraged by the results in G11a and G11b for clusters and
groups, we consider here subrelativistic collimated outflows
as the main ingredient of the AGN mechanical feedback in
elliptical galaxies. In considering massive slow outflows, we
are implicitly assuming that the relativistic jet entrains some
ISM mass (the active mass Mact, defined below) or perhaps
that a wind originate from the accretion disk (e.g. Crenshaw
et al. 2003; Morganti et al. 2007; Nesvadba et al. 2008; Cappi
c© 2012 RAS, MNRAS 000, 1–22
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et al. 2009, 2011; Tombesi et al. 2010a,b, 2012; see also the
references in G11a,b). Moreover, radio jets are highly rela-
tivistic on pc scale, but rapidly decrease to subrelativistic
velocities within few kpc from the black hole (Giovannini
2004).
In G11b we showed that, on galaxy group scales, the
self-regulation imposed by cold gas accretion tends to gen-
erate a quasi-continuous, gentle feedback, qualitatively sim-
ilar to what expected for a boosted (by a factor of ∼ 100)
Bondi accretion. However, on top of this low level AGN ac-
tivity, several powerful outbursts can occur, which produce
visible cavities and shocks, a desirable feature of those mod-
els. Therefore, in the present work on elliptical galaxies, we
preferred to adopt a cold feedback mechanism (see also Piz-
zolato & Soker 2005), where the assumed accretion rate is
linked to the cooled gas in a given central region. As pointed
out in Section 2.1.1, there are several reasons to believe that
a purely Bondi accretion scenario (that is, the hot feedback
mode) is inappropriate.
We slightly improved the feedback self-regulation mech-
anism compared to G11a,b. The radius of the region used to
estimate the accreted cold gas – usually several kpc – was
rather arbitrary, and we assumed that the jet is instanta-
neously triggered only by the gas cooled near the centre of
the system. This lengthscale was reasonable because almost
all the cooling occurred inside the chosen radius.
In order to eliminate this parameter, we adopt here the
physical assumption that the cooled gas (dropped out at
radius ri; Sec. 2.3.2) goes into free fall and accretes onto the
black hole in a free-fall time, given by
tff =
∫ 0
ri
dr√
2 |φ(r)− φ(ri)|
, (1)
where φ is the gravitational potential (associated with the
stellar and dark matter mass distribution). We also impose
that the infalling gas must have a low angular momentum,
i.e. less than vc(∆r) ∆r (circular velocity times the mini-
mum radial grid size). Most of the cooled gas tends to have
nevertheless a negligible angular momentum (see also Piz-
zolato & Soker 2010). This new method does not require the
fixed radius used in G11a,b, since the accretion is no more
instantaneous while it is set by the free-fall time delay; the
latter is dependent on where the cold clouds locally condense
out of the hot phase.
The cold mass reaching the centre at a given time,
∆Mc,tot, triggers an outflow with kinetic energy given by
∆Ejet = ∆Mc,tot c
2, (2)
where  is the parametrized mechanical efficiency of the feed-
back. It is likely that the efficiency depends on the ratio
between the actual accretion rate and the Eddington rate,
M˙Edd ≈ 22 (MBH/109M) M yr−1 (Churazov et al. 2005;
Merloni & Heinz 2008). However, given the uncertainties in
estimating the accretion rate, we prefer to assume a constant
efficiency.
This kinetic energy (and the associated momentum) is
given to the gas located in a small region at the centre
of the grid (the ‘active’ jet region), whose size is usually2
∆R × ∆z = 2 × 1 cells (about 300 pc wide, 150 pc high),
2 A slightly smaller or larger active region does not drastically
containing some hot gas mass Mact. The outflow velocity
was retrieved as usual (G11a,b), imposing
1
2
Mactv
2
jet = ∆Ejet. (3)
2.2 Galaxy models
2.2.1 Isolated elliptical
In this Section we describe the modelling of the ellipti-
cal galaxy, providing the initial conditions for the simula-
tions. We model the massive elliptical galaxy with a de Vau-
couleurs’ stellar density profile (approximated as in Mellier
& Mathez 1987), with effective radius reff = 8.5 kpc and to-
tal stellar mass M∗ = 7×1011 M. Assuming a stellar mass-
to-light ratio of 8 (in the B band), appropriate for an old stel-
lar population, the resulting luminosity is LB = 8.75× 1010
L. Thus, our model represents a typical elliptical galaxy
similar to NGC 4649, NGC 4472 and many others in the
local universe, albeit without the intragroup medium. The
dark matter is modelled as a NFW halo (Navarro et al. 1996)
with virial mass Mvir = 4 × 1013 M and a concentration
c = 8.8 (Bullock et al. 2001; Humphrey et al. 2006).
Several ingredients characterise the stellar mass and
energy sources (stellar winds and SNIa). The specific stel-
lar wind mass return rate is assumed to be α∗ = 4.7 ×
10−20(t/tn)−1.3 s−1, where tn = 13 Gyr is the galaxy age
(results are not sensitive to the adopted tn). This for-
mula is a good approximation for a single stellar popula-
tion older than 100 Myr. The SNIa mass return rate de-
pends on the SNIa rate, rIa = 0.06 (t/tn)
−1.1 SNu (Cap-
pellaro et al. 1999; Greggio 2005; Mannucci et al. 2005).
With the chosen SNIa rate, the specific SNIa mass return
rate is αIa = 3.17× 10−20 rIa(t)(Mej/M)/(M∗/LB), where
Mej = 1.4 M is the ejecta mass of a SNIa and M∗/LB = 8
is the stellar mass-to-light ratio in the B band. The adopted
rIa results in gas abundances consistent with observations
(Humphrey & Buote 2006).
The energy injection associated to stellar winds and
SNIa is treated as outlined in Mathews & Brighenti (2003).
The stellar velocity dispersion, which determines the tem-
perature of the injected wind gas, is calculated by solving the
Jeans equation for a spherically symmetric, isotropic stellar
system. Fortunately, the stellar wind heating has not a large
impact on the flow and it is not necessary to calculate σ∗(r)
using more sophisticated dynamical models.
Concerning the gaseous component, we decided to sim-
ulate two kinds of systems. In the first one, indicated as the
‘isolated galaxy’, the ISM is produced by internal processes
alone (stellar mass loss and SNIa ejecta). Although the hot
ISM of massive, X-ray bright ellipticals can not be realis-
tically explained without a circumgalactic gas component
(Brighenti & Mathews 1998; Brighenti & Mathews 1999),
we decided to use this approach for its simplicity and to al-
low a direct comparison with previous calculations of hot gas
flows in ellipticals (e.g. Loewenstein & Mathews 1987; Ciotti
et al. 1991; Ciotti & Ostriker 1997). Within ∼ reff most of
the interstellar medium is indeed likely to come from stellar
alter the global evolution (see G11a,b). The same is true if we
inject the energy from the internal boundaries of the grid.
c© 2012 RAS, MNRAS 000, 1–22
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mass loss (Brighenti & Mathews 1999). Thus, the terminol-
ogy ‘isolated galaxy’ does not refer to the presence of other
(large) galaxies nearby, but that the ISM is not contami-
nated by the group or cluster gas.
The simulations of the isolated galaxy start at cos-
mic time t = 1 Gyr with the galaxy essentially devoid of
gas, conforming to the usual assumption that the gas has
been cleared by a SNII-driven wind. The ISM is then grad-
ually supplied by the stars. After few 108 yr, the system
loses memory of the initial conditions and, if not heated,
approaches a quasi-steady state, with secular changes con-
trolled by the slow variation of the stellar mass return rate
(Loewenstein & Mathews 1987; Ciotti et al. 1991). The sim-
ulations are evolved to final time, 13 Gyr.
2.2.2 Elliptical with circumgalactic gas
In the second class of models, more realistic and appropri-
ated for a detailed comparison with well-observed galax-
ies, we take into account the presence of the circumgalactic
gas (CGG). Many of the famous X-ray ellipticals belong
to this breed. A distinctive characteristic of classic cool-
ing flow models with CGG is the presence, often observed
in real systems, of a relatively broad cool core, in perfect
analogy with galaxy clusters (Brighenti & Mathews 1998;
Brighenti & Mathews 1999; Humphrey et al. 2006; Diehl &
Statler 2008b). The separation between galaxies with CGG
and galaxy groups is largely semantic, so these models are
tightly linked to those calculated in G11b. However, here we
focus mainly on the region close to the galaxy (r <∼ reff). At
variance with G11b, we used an improved feedback scheme
(Sec. 2.1.2) and adopted a significantly higher numerical res-
olution.
The galaxy parameters are chosen to agree with NGC
5044, a X-ray bright galaxy in the centre of the homony-
mous group, with reff = 10 kpc, M∗ = 3.4 × 1011 M and
M∗/LB = 7.5 (see Buote et al. 2004). In these simulations
we use the observed T (r) and n(r) profiles (David et al.
1994; Buote et al. 2003; dotted lines in Figure 4) to retrieve
the total gravitational potential under the assumption of
hydrostatic equilibrium.
We run the CGG models for 7 Gyr. As emphasised in
G11a, it is crucial to check the long-term behaviour of a
heated model in order to assess its merit. Unfortunately,
short-term simulations can in fact return misleading results
on a particular feedback model as a solution of the cooling
flow problem.
2.3 Numerical techniques
2.3.1 Code setup
As in G11a,b we have used a substantially modified ver-
sion of the 3D hydrodynamic code FLASH 3.3 (Fryxell
et al. 2000). The main advantages include the adaptive
mesh refinement (AMR) block structure, suited for a very
efficient scalability trough the Message-Passing Interface
(MPI). The simulations were carried out on the paral-
lel high-performance clusters SP6 (CINECA) and Pleiades
(NASA). We employed the PPM split scheme to treat the
transport terms in the conservation equations (in princi-
ple third-order accurate). A full description of the hydrody-
namic equations can be found in G11a,b, with the additional
source terms representing AGN feedback, radiative cooling,
and stellar winds plus SNIa.
The computational rectangular 3D box in almost every
model extends up to 150 kpc. We have simulated the z >
0 half-space with reflection boundary condition at z = 0,
setting elsewhere the usual outflow condition with inflow
prohibited. Despite the AMR capability of FLASH, we have
decided to use a number of concentric fixed grids in cartesian
coordinates. This ensures a proper resolution of the waves
and cavities generated in the core by the AGN outflows. We
employed a set of 7 grid levels (basic blocks of 16 × 16 × 8
points), with the zone linear size doubling among adjacent
levels. The most distant regions from the centre are covered
by at least level 4. The finest, inner grid (level 7) has a
resolution of ∆x = ∆y = ∆z = 146 pc for the isolated
galaxy models, and covers a spherical region of ∼ 8 kpc in
radius. For the simulations with circumgalactic gas we were
forced to lower the resolution to save computational time,
∆x = 293 pc (the inner grid covers r ∼ 16 kpc); the box is
instead four times bigger (8 levels). In general, grids of every
level extend radially for about 55 cells. This is arguably the
best way to cover very large spatial scales (hundreds pc up to
hundreds kpc) and at the same time integrating the system
for several Gyr.
2.3.2 Radiative cooling
The radiative cooling is a necessary ingredient for studying
the cooling flow problem. We adopt the cooling function by
Sutherland & Dopita (1993), dependent on gas temperature
and metallicity, Λ(T,Z), for a fully ionised plasma. The iron
abundance is consistently calculated by solving a passive
advection equation for the iron density, with the appropriate
sources representing the injection of metals by stellar winds
and SNIa (Mathews & Brighenti 2003). We assume that the
abundance of all heavy elements in solar units is the same
as the iron one. Although this is not strictly true, it has a
negligible effect on the cooling process.
We numerically handle the gas cooling at very low
temperatures by using a dropout (mass sink) term:
−q(T )ρ/tcool. This is a convenient scheme to remove cold
gas from the numerical grid without altering the calculated
cooling rate (see G11a for more details).
The numerical implementation has been improved.
As commonly done, we are using the splitting method
for adding the source/sink terms, i.e. first solving the
standard hydro-equations and then, adopting the updated
flow variables, integrating the ordinary differential equa-
tion (ODE) associated with the source term. The ODE re-
lated to cooling is solved through a second-order Runge-
Kutta explicit method. Expanding the cooling time, tcool =
2.5nkbT/neniΛ(T,Z), and centring the variables, leads to
the the following discretisation for the dropout ODE:
ρn+1 = ρn
(
1 +
µ
2.5 kbµeµimp
q n+1/2 Λn+1/2ρn
T n+1/2
∆t
)−1
, (4)
where the indexes refer to the temporal states, ∆t is the
timestep, and the molecular weight per particle, electron
and ion are µ ∼ 0.62, µe ∼ 1.18 and µi ∼ 1.30, re-
spectively; Tn+1/2 is conveniently provided by the previ-
c© 2012 RAS, MNRAS 000, 1–22
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Table 1. Properties of the most relevant simulations.
Model Feedback efficiency () Notes
iso-CF no AGN heating - isolated
cgg-CF no AGN heating - CGG
iso-1em4 cold 10−4 isolated
iso-3em4 cold 3.3× 10−4 isolated
iso-1em3 cold 10−3 isolated
cgg-8em4 cold 8× 10−4 CGG
ous Runge-Kutta midpoint estimate. The functional form
of q = 2 exp[−(T/Tc)2] ensures that the gas is considered
cold and dropped out of the flow as soon as it approaches
Tc. Setting Tc = 2 × 104K prevents the formation of very
cold clumps in the flow, whose physical evolution can not
be easily followed by the present computations. It has also
the benefit to prevent the drastic decreasing of the timestep.
Lowering Tc permits to follow better the formation of local
thermal instabilities, nevertheless the global evolution of the
cold gas and associated feedback is essentially the same on
long timescales (see Gaspari et al. 2012).
The dropout term, as any source step, has a time limiter
condition associated. Using the dropout ODE equation, we
find that the relative density decrement, D = 1−ρn+1/ρn, is
linked to the following timescale: tdrop = [D/q(1−D)] tcool.
It is evident that the dropout limiter is tightly correlated
with the cooling limiter, η tcool (with η < 1). Limiting the
variation of internal energy has the consequence to directly
reduce the dropped mass, quantitatively: D = η q/(1 + η q).
In order to smoothly couple the hydro-solver to the sink
terms, a reasonable limiter is η = 0.4; since the maximum
q value can be 2, the dropout decrement will never exceed
≈ 45% per timestep (it is usually much lower).
3 RESULTS: ISOLATED GALAXY
In Section 3 we report the results for models in which the
ISM is produced only by the mass loss of the galactic stellar
population. We explore the effect of the mechanical feedback
varying the key parameter, the efficiency  (see Table 1). In
order to solve the cooling flow problem, AGN outflows must
quench the cooling flow, without overheating the ISM in
a drastic way. The former request is easy to satisfy, if the
feedback is energetic enough. The simultaneous fulfilment of
the two conditions above is instead complicated, and often
require an unpleasant fine tuning of the heating parameters
(Brighenti & Mathews 2002, 2003). A successful feedback
needs also to reproduce other observational features, such
as cavities, shocks, turbulence, multiphase gas, and metals
dredge-up.
3.1 Pure cooling flow
In Figure 1 we show the relevant global quantities which
characterise a pure cooling flow model, with AGN heating
switched off and the heating provided mainly by the SNIa.
This is a classic result: the densest gas loses thermal pres-
sure support due to radiative losses, inducing a slow sub-
sonic inflow (vr <∼ 50 km s−1) that further increases the
plasma emissivity (a detailed discussion can be found in
Figure 1. Evolution of the cooling flow model (no AGN feed-
back), for the isolated galaxy (iso-CF). From top to bottom panel:
gas cooling rate (M˙) as a function of time, radial profiles of elec-
tron number density (ne), projected spectroscopic-like tempera-
ture (Tsp), and radial velocity (vr). Times and colours are indi-
cated in the second panel. Filled points represent observational
data for the elliptical galaxy NGC 6482 (circles: Khosroshahi et al.
2004; triangles: Diehl & Statler 2008b). See Section 3.1 for more
details.
Mathews & Brighenti 2003 and references therein). We em-
phasise that when no AGN heating is considered, the gas
cooling rate (top panel), occurring at the very centre of the
galaxy, roughly decreases in pace with the stellar mass loss
(M˙∗ ∝ t−1.3), reaching M˙cool ≈ 1 M yr−1 at t = 12.7 Gyr,
when the simulation ends. Needless to say, this is a much
larger cooling rate than allowed by the observations quoted
in the Introduction. The rapid initial increase and the peak
of M˙cool at t ∼ 1 Gyr reflect the transient phase during
which the ISM is built up by the stellar mass loss.
The X-ray luminosity also secularly drops, from LX ∼
5× 1042 erg s−1 at t = 2 Gyr to ∼ 9× 1041 erg s−1 at final
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time. We refer here to the bolometric X-ray luminosity, cal-
culated within r <∼ 200 kpc. The reason for the luminosity
drop is the decline of the ISM density illustrated in the mid-
dle panel of Figure 1. The slope of the density radial profile
does not vary significantly with time and, as expected, is
too steep at the centre, a well known problem of classical
cooling flow models (Sarazin & White 1988; Sarazin & Ashe
1989).
We also note that classical cooling flows in isolated
galaxies lack the large cool core typical of cooling flow clus-
ters or groups (see the spectroscopic-like3 temperature pro-
file in the third panel). Instead, the temperature monotoni-
cally increases toward the centre (except for the very inner
region). This can be understood because the steep gravita-
tional potential associated with the peaked de Vaucouleurs’
density profile (the dark halo is sub-dominant within reff)
provides enough gravitational heating to the inflowing – thus
compressing – gas to balance the radiative losses; needless to
say, this process terminates when the gas reaches the centre,
where it cools catastrophically.
Ideally, we would compare the profiles with a well-
observed elliptical which is at the same time massive and
isolated, in the sense of Section 2.2.1. However, most of the
known giant ellipticals reside at the centre of groups or clus-
ters and their hot ISM is contaminated by the CGG. NGC
6482 is one of the few massive and X-ray bright ellipticals
with a negative temperature gradient (Khosroshahi et al.
2004) and we show the data of this system in Figure 1 for
comparison. On the other hand, we note that NGC 6482
presents some differences compared to our model. The dark
halo is less massive (Khosroshahi et al. 2004; Humphrey
et al. 2006) and it owns a relatively extended X-ray halo
with LX ∼ 1042 erg s−1, likely contaminated by CGG. Nev-
ertheless for r <∼ reff , i.e. the region more relevant to our
investigation, the hot gas should be dominated by the inter-
nal component only.
3.2 AGN feedback:  = 10−4
We now describe some results for the simulations with AGN
feedback, progressively increasing the efficiency and focus-
ing on their global properties. We compare them with the
cooling flow model discussed above and perform a critical
analysis of the observable quantities. The first three rows of
Figure 2 show the gas cooling rate, plus the radial profiles of
electron number density and (projected) spectroscopic-like
temperature, for three representative feedback models.
In the first column, top panel, the model with  = 10−4
exhibits a cooling rate significantly reduced with respect to
the iso-CF simulation (red vs. black line), with an average
value of ∼ 0.4 M yr−1 and M˙(12.7 Gyr) ∼ 0.2 M yr−1.
These numbers are probably still too high compared to avail-
able X-ray and UV observations (Bregman et al. 2001, 2005;
Xu et al. 2002; Tamura et al. 2003) or star formation esti-
mates in massive ellipticals (Temi et al. 2009).
3 To be more adherent to observations, we avoid the idealised
emission-weighted temperature, instead we use the prescription
by Vikhlinin 2006 to approximately estimate a more realistic pro-
jected temperature. The two types of profile appear nevertheless
similar in the majority of the cases.
The density profile (second panel) oscillates in time, es-
pecially in the inner region, but retains reasonable values,
as can be noticed through a comparison with typical obser-
vations of ellipticals (Humphrey et al. 2006).
The density cycles correspond to the accumulation of
gas during periods of less intense AGN activity, e.g. between
6 and 7 Gyr there is no powerful outburst. This leads to an
increase of the gas density in the central region, a higher
cooling rate and finally a powerful (∼ 3×1044 erg s−1) event
which quickly expands the hot gas atmosphere. The density
cycles also reflect in the variation of the X-ray luminosity
which, in turn, fluctuates between 1041 <∼ LX <∼ 2× 1042 erg
s−1 (with a mean value of ∼ 1042 erg s−1). This variation
can in part explain the long-standing problem of the scat-
ter in the LB (or LK) - LX diagram (Eskridge et al. 1995;
Beuing et al. 1999; Ellis & O’Sullivan 2006), along with the
occurrence of SNIa winds (Ciotti et al. 1991; David et al.
2006) and the variation of the dark halo masses at a given
optical luminosity (Mathews et al. 2006).
The temperature profile is a sensitive probe of AGN
heating scenarios, yet often neglected in the comparison
with observations. As expected, heating processes originat-
ing close to the galactic core often overheat the central ISM,
an effect rarely or never observed in real galaxies (Brighenti
& Mathews 2002, 2003). The best observed systems (which,
unsurprisingly, are the X-ray brightest) commonly show
positive temperature gradient, with the centre hosting the
coolest X-ray gas of the system (Humphrey & Buote 2006;
Diehl & Statler 2008b). On the other hand, observed galax-
ies which are isolated or in a less dense environment usually
show a moderate negative or flat T gradient.
In the third panel (left column) we show the radial pro-
file of the spectroscopic-like temperature at twelve different
times. In this feedback model the ISM is never overheated in
the central region and always maintains an acceptable ther-
mal structure (Kim & Fabbiano 2003; Fukazawa et al. 2006;
Humphrey et al. 2006; Sansom et al. 2006; Diehl & Statler
2008b; Nagino & Matsushita 2009), i.e. the central negative
T gradient is rather shallow and the central temperature re-
mains at or below ∼ 107 K. The lack of a substantial cool
core must be ascribed to the absence of the CGG, not to
the presence of the AGN feedback. Ripples in the tempera-
ture profile are caused by weak shock waves generated by the
AGN outbursts. These perturbations are somewhat more ev-
ident in the pressure profile, not shown here. However, these
waves would be largely diluted if the azimuthal average is
made in relatively larger radial bins, as in real observations.
We did not try here to exactly generate a fully synthetic ob-
servation of the simulations (see Heinz et al. 2011) and limit
our analysis to spectroscopic-like, projected quantities.
The last three rows of Figure 2 show the detailed evo-
lution of the mechanical feedback (for the single jet). The
total injected energy (Ejet) for this model is 3 × 1059 erg,
the typical power (Pjet) is on the order of 3 × 1042 − 1043
erg s−1, with velocities (vjet) around 104 km s−1.
3.3 AGN feedback:  = 10−3
The previous model, with efficiency  = 10−4, was found
in satisfactory agreement with several observational con-
straints. However, the cooling rate, although significantly
reduced with respect to the classical iso-CF model, was still
c© 2012 RAS, MNRAS 000, 1–22
8 Gaspari, Brighenti & Temi
Figure 2. Evolution of the isolated galaxy with AGN feedback and increasing mechanical efficiency (from left to right column):  = 10−4,
3.3 × 10−4, and 10−3. First three rows: gas cooling rate versus time (red: AGN feedback; black: pure cooling flow), radial profiles of
electron number density and spectroscopic-like temperature (at twelve different times). Last three rows: injected mechanical energy,
instantaneous power and velocity of the AGN feedback (for the single outflow), as a function of time.
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too large compared with observational limits. It is thus nat-
ural to increase the heating efficiency, essentially a free pa-
rameter of any current feedback scheme, to test if the cooling
rate can be further reduced without scrambling the variable
profiles.
When  = 10−3 (third column in Figure 2), the effect of
the feedback is excessive: the ISM becomes rarefied in the
inner region (r <∼ reff) and simultaneously overheated. Be-
cause the  = 10−3 model was unsatisfactory, we stopped
this simulation at t ∼ 9.5 Gyr. It is interesting that the
energy released by the AGN feedback is lower when the effi-
ciency  is larger (cf. the fourth row of Figure 2, Ejet >∼ 1059
erg). Evidently the more powerful and faster outflows (sev-
eral 1044 erg s−1 and over 5×104 km s−1) of iso-1em3 model
are able to stop the cooling flow for a relatively long time.
The interval between AGN outbursts is in fact∼ 6×107−108
yr, while for  = 10−4 the AGN activates at least one order
of magnitude more frequently, with the net result of inject-
ing less energy over the galaxy lifetime. This confirms the
same trend found for galaxy clusters (G11a) and illustrate
that the complexity of the problem makes reasonings based
on the energetic budget alone rather inaccurate.
The lower gas density implies a generally lower X-ray
luminosity, with mean ∼ 5× 1041 erg s−1. With efficiencies
 > 10−3 (models not shown), the simulated profiles strongly
depart from those of real ellipticals (like NGC 6482) and the
X-ray luminosity drops to undetectable values. We note here
that low-LX early-type galaxies usually show the presence
of some ISM in the central region, which has a relatively
low temperature (see for example NGC 4697, Sarazin et al.
2001; NGC 1291, Irwin et al. 2002; NGC 3379, Trinchieri
et al. 2008). Thus, their low X-ray luminosity may not be
associated with strong AGN feedback generating a galactic
wind.
3.4 AGN feedback:  = 3.3× 10−4
Finally, we have calculated a model with intermediate effi-
ciency,  = 3.3 × 10−4, which will serve as best model in
the following discussion. As displayed in the middle column
of Figure 2, the cooling rate is now below the limits placed
by current observations (<∼ 0.1 M yr−1), apart a narrow,
transient peak at t ∼ 4 Gyr. The density and temperature
profiles vary in time slightly more than in model iso-1em4,
but remain consistent with observations (cf. NGC 6482 data
points). The spatial oscillations in the (projected) tempera-
ture profiles, with maximum amplitude ∼ 20%, are compat-
ible with those shown in deep Chandra observations (see for
example fig. 10 in Randall et al. 2011).
The final injected energy is 1059 erg (fourth panel). Typ-
ical outburst powers are in the range several 1042− few 1044
erg s−1 (fifth panel), while the velocity of the outflows (bot-
tom panel) vary in the range4 103 − 105 km s−1, in good
agreement with nuclear outflow and feedback observations
(see Introduction). The power values correspond to instan-
taneous accretion rates M˙acc = Pjet/(c
2) ∼ 0.1 − 10 M
yr−1. The frequency of the AGN activation is usually in the
range 2×10−2−5×10−2 Myr−1, albeit it varies significantly
4 The relativistic factor γ ∼ 1.06 is still low enough to safely
using classic hydrodynamics.
during the flow evolution. We point out that the details of
the AGN duty cycle depend on the ability to resolve the
condensing cold clouds, in space and time and thus on the
numerical resolution adopted5. Nevertheless, the cold feed-
back self-regulation is robust enough that the cooling flow
problem is solved, irrespective of the duty cycle details.
We consider iso-3em4 the best model because the cool-
ing rate is in good agreement with known constraints for
many Gyr, and the variable profiles always resemble those
of real galaxies. Thus, this model (and to a lesser extent
iso-1em4) passes the first checkpoint, a necessary condition
for a viable heating mechanism. In order to further test the
robustness of the model, in the next Section we analyse the
detailed galaxy appearance in the X-ray band. We finally
note that the value of the  parameter should not be taken
as the exact physical value, given the uncertainties on the
simulated accretion rate (Sec. 2.1.1).
3.4.1 X-ray features
In this Section we investigate the most significant X-ray fea-
tures, naturally generated by the AGN heating process, like
shocks and buoyant cavities. A direct comparison with a
specific real system is not possible because our models are
intended to be general and not tailored on an individual ob-
ject. Moreover, cavities, shocks and perturbations are inter-
mittently created, continually changing the ISM appearance.
The main aim of the analysis is to show that the proposed
feedback mechanism leads to ISM perturbations similar to
those observed in galaxies and groups. A feedback scenario
not satisfying basic requirements, such as the formation of
cavities or weak shocks, must be rejected.
We discuss below several X-ray snapshots, taken at dif-
ferent times, of the best model iso-3em4. In Figure 3 (panel
a in the top row) we show the X-ray surface brightness map
of the central region after 0.75 Gyr of feedback evolution.
An outburst with energy 2.85×1056 erg occurred 8×106 yr
before the time of the snapshot. The outflow, ejected with
velocity vjet ∼ 5400 km s−1, generated a weak shock, now
at a distance ∼ 6 kpc from the centre, with a Mach num-
ber M ≈ 1.2 (calculated from Tsp, which jumps from ∼ 0.5
keV in the pre-shock region to ∼ 0.6 keV in the post-shock
ISM). The outflow generated a small X-ray cavity centred at
z = 4.5 kpc and ellipsoidal (prolate) shape with semiaxes 1.5
and 1 kpc. The X-ray surface brightness depression within
the cavity is about 20%, a typical value for observed cavi-
ties. Relatively colder rims surround the cavity, although the
Tsp difference between the rims and the nearby gas is only
∼ 10% (Fig. 3, panel b). We note that the ISM adjacent
to the rims has been slightly heated by the weak shock. In
the spectroscopic-like temperature map are also visible (but
probably not detectable with current X-ray telescopes) very
weak waves, separated by ∆rwaves ∼ 6 kpc, corresponding
to a period of twaves = ∆rwaves/cs ∼ 1.6 × 107 yr, roughly
the typical time between significant AGN outbursts at this
5 The duty cycle is thus linked to the thermal instability time
scale, roughly the local cooling time, and also to the free-fall time
(see Gaspari et al. 2012 for complete multiphase gas simulations
with self-regulated AGN jet feedback).
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Figure 3. Maps of X-ray surface brightness (left column) and projected spectroscopic-like temperature (right column) for model iso-3em4
at five different times (from top to bottom row): 3.75, 4.25, 5.75, 6.25 and 11.75 Gyr. See Section 3.4.1.
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epoch (t = 3.75 Gyr). We stress that these X-ray features
are faint and the ISM looks quite relaxed at this time.
The situation after 0.5 Gyr (t = 4.25 Gyr; panels c and
d) is different. At this epoch the AGN is more active and
perturbs the ISM in a remarkable way. The X-ray arms and
cavity have been generated by four series of AGN outbursts
of moderate power (few 1042 erg s−1), occurred in the previ-
ous 10 Myr. The energy injected during this time interval is
∼ 1.4×1057 erg. Panel c shows that the X-ray surface bright-
ness map is rich of features, with two symmetric bright arms,
∼ 15 kpc long. This structure is similar to that observed in
NGC 4636, a massive elliptical galaxy in the outskirt of the
Virgo cluster (Jones et al. 2002; Baldi et al. 2009). Thus,
it might be possible that the ISM of NGC 4636 has been
shaped by multiple, moderate AGN outflows. It is in fact
difficult to reproduce all the observed features of NGC 4636
with a single AGN outburst (Ballone & Brighenti, in prep.).
In the spectroscopic-like temperature map showed in
panel d, the X-ray bright arms are slightly hotter than the
local ISM. The temperature jump is about 30% (from 0.67
keV to 0.89 KeV) corresponding to a shock Mach number
of ∼ 1.3.
The galaxy alternates periods of quiescence, typically
lasting 50− 100 Myr, with moments during which the AGN
is more active and, consequently, the ISM more disturbed.
Other interesting features appear during the evolution. At
t = 5.75 Gyr a cold front is visible in both the brightness
and temperature maps, at ∼ 2 kpc from the centre (panels
e and f). The front has not been caused by galaxy sloshing
in our simulations, but by the encounter between gas which
is falling back toward the centre, after an outflow, and the
gas currently located in the central region.
At t = 6.25 Gyr (panel g) the brightness map shows a
weak cavity about 3 kpc in radius, surrounded by a ∼ 10
kpc shock with Mach number ∼ 1.3 (panel h). This situation
is similar to that at t=3.75 Gyr, described in panel a. This
demonstrates that the ISM cyclically evolves, with recurrent
cavities generated by the outflows and weak shocks, just as
indicated by observations.
Although not a common circumstance, a series of shocks
are visible at the same time. This occurrence is shown in
panel i (t = 11.75 Gyr), where two ellipsoidal shocks are
depicted (Mach ∼ 1.4−1.5). The shocks intersect the y−axis
at ∼ 4 and ∼ 8 kpc and are clearly visible both in the surface
brightness and temperature maps (panel j).
This brief description of the ISM appearance in X-ray
is intended to illustrate the richness of structures generated
by the AGN outflows. Although in the present study we do
not attempt a detailed comparison with real objects, it is im-
portant to realise the strong similarity of simulated features,
like X-ray cavities, filaments and shocks, with the structures
seen in deep X-ray observations of ellipticals and groups (e.g.
Biller et al. 2004; Machacek et al. 2006, 2011; Baldi et al.
2009; Gastaldello et al. 2009; O’Sullivan et al. 2011b; Ran-
dall et al. 2011). This fact, together with the analysis in
the previous Section, indicates that AGN outflows are in-
deed a very robust feedback mechanism, capable to highly
inhibit gas cooling, keeping reasonable density and temper-
ature profiles, and giving rise to the wealth of asymmetric
structures in the ISM, seen in high-resolution deep X-ray
observations.
4 RESULTS: CIRCUMGALACTIC GAS
As previously mentioned, most massive, X-ray bright ellipti-
cals host a very extended hot ISM that can not be explained
via internal processes alone (e.g. Brighenti & Mathews 1998;
Brighenti & Mathews 1999). These galaxies are at the cen-
tre of large dark matter halos (Mathews et al. 2006) and the
ISM is likely composed of gas shed by the stellar population,
plus circumgalactic gas linked to the cosmological evolution.
It is thus important to test if mechanical AGN outflows are
successful for this class of objects, which include many fa-
mous X-ray targets, such as NGC 4636, NGC 4472, NGC
5044, and NGC 4649.
Interestingly, in these cool-core objects the evidence for
AGN heating seems stronger, as revealed by the presence of
X-ray cavities and other ISM perturbations (e.g. Biller et al.
2004; Diehl & Statler 2008a; Baldi et al. 2009; Gastaldello
et al. 2009; Dong et al. 2010; Dunn et al. 2010b; Randall
et al. 2011; O’Sullivan et al. 2011b). It might be a selection
effect, but it is ironic (and instructive) to note that just
where we know the AGN is injecting energy, the ISM close
to the feedback engine is cooler than everywhere else.
4.1 AGN Feedback:  = 8× 10−4
In this Section we present only the best feedback model for
the CGG elliptical (efficiency  = 8 × 10−4), able to prop-
erly solve the cooling flow problem. It is interesting that the
same feedback method requires now a larger efficiency to be
acceptable, in line with the results of G11b, which indicate
that in more massive systems the feedback should act more
efficiently.
As in the case of the isolated galaxy, we have run a
classic cooling flow model (no AGN heating) which serves
as a reference calculation to gauge the effects of the feed-
back. We do not show the evolution of the pure CF pro-
files here (cgg-CF). The results are almost identical to those
presented in G11b, although the numerical resolution there
was about two times coarser (∆x ≈ 500 pc), compared to
the present model. The gas cooling rate, also indistinguish-
able from that in G11b, is shown in Figure 4 (black line in
the top left panel). As suggested by the resulting bolometric
LX ∼ 3 × 1043 erg s−1, the cooling rate stays around ∼ 25
M yr−1, revealing again the cooling flow problem at the
galactic/group scale.
The AGN feedback model, with  = 8 × 10−4 (cgg-
8em4), is fully presented in Figure 4. The cooling rate (red
line, first panel) has been quenched to ∼ 1 M yr−1 at the
current epoch, implying a satisfactory 20-fold cooling sup-
pression, broadly consistent with XMM-RGS observations
(Tamura et al. 2003).
The spectroscopic-like temperature and density radial
profiles are in excellent agreement with those observed for
NGC 5044 (left column: middle and bottom panel). Remark-
ably, the cooling reduction did not come at the expense of
the cool core: the temperature still decreases toward the
galactic centre – a fundamental quality of anisotropic me-
chanical feedback.
The total mechanical energy released by the AGN is
Ejet ∼ 9× 1060 erg (first panel in second column), which in
principle would correspond to a total mass accreted on the
black hole of ∼ 6 × 109 M, given the assumed efficiency.
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Figure 4. Evolution of the elliptical galaxy with circumgalactic gas and mechanical feedback efficiency  = 8× 10−4. Left column, from
top to bottom panel: cooling rate as a function of time (red: AGN feedback; black: pure cooling flow); electron number density and
spectroscopic-like temperature at several times. The points in the last two panels represent observational data of the bright elliptical
NGC 5044 (David et al. 1994; Buote et al. 2003). Right column: injected mechanical energy, (single) outflow power and velocity as a
function of time.
This accreted mass may appear substantial, but we stress
again that the simulated accretion rate is quite uncertain
(SMBH can nevertheless reach masses of few 1010 M). We
note that the BH growth could in principle be reduced as-
suming that a fraction of the cooling gas does not accrete
onto the BH and is ejected with the AGN outflow; increasing
the efficiency would produce the same feedback power (but
adding another parameter to the scheme would not provide
any further physical insight).
The most relevant astrophysical result, here, is that self-
regulated massive outflows are indeed capable to solve the
cooling flow problem on kpc or larger scales, although the
fully consistent picture – explaining the details of the BH
accretion process and the formation of the outflows – needs
to be clarified in future via high-resolution investigations.
The time record of the outflow power and velocity is
shown in the right column in Figure 4. Powers on the order
of few 1044 erg s−1 and velocity of several 104 km s−1 are
again typical for the stronger events.
We conclude that massive outflows, activated when gas
cooling occurs, are able to regulate the thermal evolution of
the ISM, suppressing the cooling rate by a factor 20 or more
and keeping the cool-core aspect of massive, X-ray bright el-
lipticals. We now test the model via other key observational
constraints.
4.1.1 X-ray features
The variety of X-ray features induced by the AGN outflows
in the isolated galaxy (Sec. 3.4.1), such as buoyant bubbles
and shocks, is widely present also in the CGG simulation.
For the cgg-8em4 we find that the AGN activity is more
frequent and powerful compared to the isolated galaxy (cf.
Figures 2 and 4). Nevertheless, the X-ray appearance of the
two models is remarkably similar.
In the first row of Figure 5 we show the X-ray surface
brightness and spectroscopic-like projected temperature at
t = 0.5 Gyr (panels a and b). We focus our attention on
the inner 20 × 10 kpc of the maps, where the observations
could return better details. The outflow carved a long cavity
(or channel) ∼ 10 kpc long and ∼ 2 kpc wide. The bright-
ness depression is about a factor of 2, which should make
this feature detectable in deep, high-resolution images. For
z <∼ 4 kpc the cavity is surrounded by sharp bright rims (or
filaments), which remind the southern open cavity in NGC
5044 (Buote et al. 2003; David et al. 2009; Gastaldello et al.
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Figure 5. Maps of X-ray surface brightness (left) and projected spectroscopic-like temperature (right) for the best model with circum-
galactic gas (cgg-8em4), at five different times (from top to bottom row): 0.5, 1.0, 2.0, 4.0, and 6.5 Gyr. See Section 4.1.1.
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Figure 5. Continued. For time 2.5 Gyr we present both the x-axis (top) and z-axis (bottom) projection of the SBX and Tsp map.
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Figure 6. Maps of total dropped cold gas (T 6 2× 104 K; left) and emission-weighted iron abundance (right), both projected along the
x-axis, for model cgg-8em4 at different times; see Section 4.1.1.
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2009). The cavity is slightly hotter (by ∼ 10%, see Tsp) than
the nearby gas. At z >∼ 6 kpc broad regions (∆y ∼ 3 kpc)
of enhanced surface brightness, confining the X-ray feature,
are present. This channel is typically fragmented by AGN
turbulence or strong recurrent outbursts, and would also
be destroyed by the bulk motion (“weather”) induced by
the cosmological accretion of matter on the system. On the
z = 0 plane, close to the centre, the inflowing gas forms a
dense torus which is punched, but not cleared away, by the
outflows. This feature could, however, be numerically am-
plified by the forced planar symmetry (z = 0 plane), where
reflection boundary conditions are implemented.
At t = 1 Gyr (panel c, Fig. 5) the SBX map shows
a region of enhanced emission, several kpc in size, close to
the centre of the galaxy (0 <∼ y <∼ 5 kpc). They are caused
by relatively dense and cold gas, some of which is actually
cooling to low temperatures (T <∼ 105 K) and dropped out
from the flow (Figure 6, panel a). This is a very interesting
phenomenon, because the off-centre cooling might explain
the widespread presence of cold (T ∼ 104 K) gas in large
ellipticals with conspicuous hot gas (see references quoted
in the Introduction). Despite being linearly stable against
thermal instability (e.g. Balbus 1988; Balbus & Soker 1989;
Loewenstein 1989; Malagoli et al. 1990), the non-conducting
hot gas may well cool if the amplitude of the perturbations
is sufficiently large (Reale et al. 1991; Yoshida et al. 1991;
McCourt et al. 2012; Sharma et al. 2012). High resolution
X-ray maps show indeed a wealth of irregularities in the hot
gas, which certainly imply large perturbations in the gas
density. Localised gas density enhancements are naturally
generated in regions of converging flows, resulting in local
cooling times much lower than the free-fall times. This al-
lows the gas to reach very low temperatures, T ≈ 5 × 104
K, when it is removed from the grid (see also Brighenti &
Mathews 2002). The process of multiphase gas formation
(in cluster cores heated by AGN jets) has been investigated
in depth by our recent work, Gaspari et al. (2012), showing
that the non-linear perturbations, associated with the AGN
jet feedback, commonly induce the condensation of hot gas
into a filamentary extended cold phase (as also indicated by
Figure 6, left panels).
Cooling gas at large distance from the galactic centre is
seen also at t = 2 Gyr (panel e), in an enhanced SBX region
defined by z <∼ 1 kpc and R <∼ 7 kpc. Several cavities sur-
rounded by relatively cold, bright rims buoyantly rise on var-
ious scales (panel f), while very weak shocks rapidly vanish
as sound waves at large radii. The cold rims are metal-rich,
as expected, being formed by gas originally at the centre of
the galaxy. In the present model, in fact, we followed the
chemical enrichment of the hot gas halo, with emphasis on
the evolution of the iron expelled by SNIa. The map of the
(emission-weighted) iron abundance is shown in Figure 6
(panel b). The AGN outflows generate asymmetries in the
Fe distribution: the relatively metal-rich gas originally in the
centre is uplifted along the direction of the outflow and cav-
ities. This results in regions of enhanced iron abundance (by
20− 30%) which trace the dynamics of the recent outflows.
Beside this global behaviour, kpc-sized inhomogeneities are
also evident in the abundance map. The ability of mechani-
cal feedback to dredge up cold, metal-rich gas from the cen-
tre of the system could in principle be used to discriminate
between outflows or thermal feedback mode.
At t = 4 Gyr (panels g and h) a complex structure is
visible in the X-ray surface brightness image, mainly due
to the generation of multiple cavities and bright filaments.
As usual, brightness contrasts are accompanied by temper-
ature and metallicity variations, here on the order of 10%.
These images show that the recurrent AGN outflows natu-
rally generate and drive turbulence in the core, with typical
velocities of few hundreds km s−1 (see Section 5.1.1). The
chaotic turbulent environment naturally produces the com-
plex irregular features, at the same time increasing the level
of thermalisation in the central region via jet fragmentation.
At t = 6.5 Gyr (panels i and j), almost at the end of
the simulation, we observe irregular regions of high surface
brightness in the central few kpc, where the gas cools to very
low temperatures producing diffuse Hα emission. Figure 6
(panel c) provides the total dropped cold mass (integrated
in time), indicating again that the cold phase condenses out
of the hot flow not only at the very centre, but in an ex-
tended region of radius 7−15 kpc. The dropout term in the
equations used prevents a detailed analysis of the thermal
instability; we refer the reader to Gaspari et al. 2012, where
fully multiphase simulations are presented). Quantifying the
exact amount of gas cooling far from the centre is a difficult
problem (due to numerical diffusion and resolution). Never-
theless, the result is qualitatively robust: off-centre cooling
exists, as indicated by observations (e.g. McDonald et al.
2011), and it can be triggered by the AGN feedback pro-
cess.
We conclude the snapshot analysis for the CGG model
showing a textbook example of X-ray cavity confined by
bright rims (panels k and l). The largest brightness contrast
between the X-ray hole and the rims is about a factor of
two. From the spectroscopic-like temperature map we see
that the lower part of the rims (z <∼ 3 kpc) are colder, in
projection, than the nearby ISM, while the upper part is
slightly hotter, because of shock heating. Again, the rims,
being originated from central gas, are slightly more metal-
rich than the ISM at the same radius, by 15-25% in the iron
abundance (Fig. 6, panel d). For this time, we also show
the projection along the z-direction (Fig. 5, panels m and
n). Several structures and cavities are visible, together with
X-ray bright filaments. In this projection the Tsp is charac-
terised by an arc-shaped region about ∼ 20% colder than
the neighbouring gas. This comparison between two differ-
ent projections warns how complicated is the interpretation
of real data, especially when the inclination of the outflow,
with respect to the plane of the sky, is uncertain.
The generation of buoyant bubbles, together with all the
previous consistent observational features (extended multi-
phase gas, metals asymmetries, turbulence, weak shocks),
strengthens the key role of mechanical AGN outflows in
regulating the thermal and dynamical evolution of ellipti-
cal galaxies, with or without circumgalactic gas.
5 DISCUSSION
5.1 AGN feedback in elliptical galaxies
In the previous Sections we have investigated the effect of
AGN feedback on the evolution of the ISM in massive ellipti-
cal galaxies. In designing the 3D hydrodynamic simulations
we have been guided by several ideas.
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(i) The AGN feedback in low-redshift elliptical galaxies
acts mainly through a (radiatively inefficient) mechanical
and directional process, in the form of jets or winds.
(ii) These outflows interact with the ISM and heat the
medium on scales of several kpc, as indicated by X-ray ob-
servations of cavities and shocks.
(iii) The AGN reacts to gas cooling: cold gas condenses
out of the hot phase in the central region, and it is assumed
accreted onto the black hole in a few dynamical times, trig-
gering the AGN feedback. The uncertainties on the the real
accretion rates force us to adopt a parametrisation as sim-
ple as possible (the only governing parameter being the me-
chanical efficiency ). Given the uncertainties mentioned in
Section 2.1.1, we are not in the position to investigate im-
portant issues such as the exact BH growth or the details of
the AGN duty cycle.
(iv) The feedback mechanism must work for objects of
any scale, from isolated galaxies to massive galaxy clusters.
(v) The calculated evolution of the hot gas must be
checked against many available observational constraints,
for a long time span (several Gyr).
In G11a,b we have shown that AGN outflows are able to
solve the cooling flow problem for both massive clusters and
groups, for more than 7 Gyr. We are left now to demonstrate
that these mechanical massive outflows, self-regulated by
cold accretion, represent also the dominant feedback mech-
anism on the galactic scales.
In Section 3 we have discussed several models for the
isolated elliptical, while the more astrophysically relevant
case, i.e. the galaxy with circumgalactic gas, is tackled in
Section 4. The two key tests that the models must pass are
the agreement with the low cooling rates allowed by obser-
vations (no overcooling), and the moderate gas temperature
in the central region of galaxies (no overheating). The for-
mer sets a lower limit for the feedback mechanical efficiency,
the latter provides an upper bound.
In Figures 2 and 4 we showed that assuming an effi-
ciency  >∼ 3 × 10−4 ( >∼ 8 × 10−4) for the isolated (CGG)
model, the cooling rate drops to values close the observa-
tional limits reported in the Introduction. The previous val-
ues for the mechanical efficiency are lower than those work-
ing for clusters (G11a) and similar to those quoted in Ciotti
& Ostriker (2007), although for a different feedback scheme.
Because our estimated accretion rate onto the BH is likely
an upper limit, a firm result of our calculations is that the
mechanical efficiency must be  >∼ few × 10−4 in order to
prevent significant gas cooling in massive elliptical galaxies.
It is more difficult to place an upper bound for the efficiency.
We have shown in Section 3 that when  >∼ 10−3 the AGN
feedback is too intense and the ISM in the central region
is overheated. However, larger mechanical efficiencies would
be allowed if the accretion rate is grossly overestimated in
our simulations.
While the exact details of feedback engine (such as the
duty cycle) are uncertain and must be investigated by high-
resolution, specialised simulations, the astrophysically most
relevant and solid result of this work is that AGN outflows
can solve the cooling flow problem also in elliptical galaxies,
drastically quenching the cooling rates and properly main-
taing a quasi thermal equilibrium in the core. This is a re-
markable result, given the difficulties encountered with the
commonly used thermal feedback (regardless of its origin,
i.e. artificially inflated bubbles or radiative heating).
They also agree with a number of other key and inde-
pendent observational constraints, as illustrated in Sections
3 and 4. A crucial requirement for an AGN feedback sce-
nario is the ability to produce (weak) shocks, X-ray cavities
and abundance inhomogeneities, common features shown in
deep X-ray observations (see references in the Introduction).
These properties point toward a feedback mechanism able
to distribute energy and momentum in a directional way,
on scales of several kpc. Observationally, these ISM pertur-
bations are best studied in X-ray bright objects, often gi-
ant ellipticals with CGG or groups. About 25-50% of galax-
ies/groups observed at high resolution show evidence of cavi-
ties (McNamara & Nulsen 2007; Dong et al. 2010), a number
likely underestimated. In galaxy clusters the detection frac-
tion rises to >∼ 2/3 (Dunn & Fabian 2006). Moreover, cavi-
ties are more likely present in cool-core systems (Dong et al.
2010), implying that the feedback action must preserve the
positive temperature gradients. Elliptical weak shocks are
also commonly found (Gitti et al. 2012), surrounding stable
buoyant cavities, a natural by-product of jets and outflows
(G11a,b).
In Sections 3.4.1 and 4.1.1 we have illustrated the
wealth of observable features created by the (anisotropic)
mechanical feedback scenario. Deep X-ray observations of
galaxies (e.g. NGC 4472, Biller et al. 2004; NGC 4374,
Finoguenov et al. 2008; NGC 4636, Baldi et al. 2009) and
groups (e.g. NGC 5044, David et al. 2009; HCG 62, Gitti
et al. 2010; NGC 5813, Randall et al. 2011; NGC 5836,
Machacek et al. 2011) reveal a wealth of features certainly
linked to the AGN feedback outbursts. In particular, the
two typical fingerprints naturally left by collimated AGN
outflows, i.e. X-ray cavities surrounded by a weak shock,
are seen in many snapshots of Figures 3 and 5, often re-
sembling observations also from a quantitative point of view
(e.g. elliptical cocoons, Mach number, bubble size and tem-
perature). It is impossible to make a 1:1 comparison with
real objects, catching the exact evolutionary moment, with
the same instantaneous feedback values. Unfortunately, we
are not in the position to calculate the time fraction in which
the simulated cavities or shocks are visible; this would in fact
require an analysis of the flow very finely spaced in time –
subject of a future investigation.
Typically, the cavities inflated by the outflows have size
of few kpc and are surrounded by bright rims (e.g. Figure
3, t = 3.75, 4.25, and 11.75 Gyr; Figure 5, t = 0.5, 2.0, 2.5,
and 4.0 Gyr). The rims are often slightly cooler and metal-
richer compared to the nearby gas, although there are few
exceptions. It is worth mentioning that dedicated simula-
tions tailored for NGC 4636, indicate that it is possible to
explain most of the properties of the cavities detected in
NGC 4636, assuming the feedback proposed in this work
(Ballone & Brighenti, in preparation).
In the case of the galaxy with CGG (similar to a
group environment), the frequent activity of the AGN causes
the common presence of a low-density channel along the
z−direction carved by the outflows, <∼ 1 kpc wide and sev-
eral kpc long. This feature is very difficult to detect in the
surface brightness map. In Figure 5 we see that only at the
beginning of the calculation, at t = 0.5 kpc, the tunnel is
visible, with a brightness contrast of ∼ 2 − 3 (rapidly de-
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creasing beyond z = 5 kpc). Most of the time, the thin
channel is wiped out in the brightness image by projection
effects (see also G11b). Occasionally, the tunnel may resem-
ble a X-ray cavity (Fig. 5, t = 2 Gyr). A dedicated analysis
through a very deep X-ray observation in the core of the
galaxy may detect this feature or, at least, set constraints
on its presence (see, for instance, the SBx contours in the
inner 3 kpc of NGC 5813, Randall et al. 2011). The channel
is nevertheless a transient feature, easily fragmented and de-
stroyed by the AGN turbulence (and by the ICM “weather”
generated by cosmological accretion, not considered here),
a key element for a proper deposition and thermalisation of
mechanical energy in the core (Sec. 5.1.1).
The proposed AGN feedback mechanism has another
impact on the gas cooling process, beside significantly low-
ering the total rate. It promotes spatially distributed cool-
ing (via thermal instabilities), over an extended region of
size ∼ 15 kpc centred on the BH. Figure 6, left column,
show the density map of total cold gas which has cooled
and dropped out of the flow, highlighting both the extended
and concentrated toroidal distribution of cooler gas (consis-
tent with Gaspari et al. 2012). Our code does not follow the
dynamics of the cooling gas, but it is plausible that some
of the cooled gas accretes on the BH, and some is instead
used to form new stars and the emission line nebulae com-
monly observed in elliptical galaxies (see Introduction). At
the moment of cooling, the gas has a chaotic motion, with
typical velocities of 100− 200 km s−1, concordant with Hα
spectroscopic studies (Caon et al. 2000).
The mechanical feedback is also able to reproduce the
anisotropic distribution of metals, commonly observed in
AGN-heated cores (e.g. Rasmussen & Ponman 2009; David
et al. 2011; Kirkpatrick et al. 2011; O’Sullivan et al. 2011a).
The powerful mechanical jets can indeed uplift up to ∼ 10
kpc the metals processed by SNIa and stellar winds in the
nuclear region (with a peak metallicity of ZFe <∼ 1 Z;
Mathews & Brighenti 2003). In the more quiescent phases,
AGN turbulence tends instead to stir and diffuse the met-
als, restoring the homogeneous distribution (Figure 6, right
panels).
5.1.1 AGN turbulence
Another test the feedback model must pass, although not
stringent as those previously discussed, is the generation of
turbulence (or bulk motion) in the ISM, especially in the
central region. Deep X-ray observations start to provide re-
liable estimates on the turbulent pressure (Werner et al.
2009; Sanders et al. 2011; de Plaa et al. 2012). The latter
authors, in particular, give estimates of the ISM character-
istic turbulent velocities, defined as vturb ≡
√
2σturb (linked
to line broadening), in the central ∼ 10 kpc for two exem-
plary groups: 320 < vturb < 720 km s
−1 (NGC 5044) and
140 < vturb < 540 km s
−1 (NGC 5813). In order to compare
the prediction of our CGG model with this observation, we
calculate the 1D gas velocity dispersion along the line of
sight l weighted by the emission-measure, as
σ2turb =
∫
ρ2(vl − v¯l)2 dl∫
ρ2 dl
, (5)
where the mean (emission-weighted) velocity v¯l is typically
close to zero, lacking large bulk motions.
In the (projected) circular region 0 < R < 5 kpc, the
time average velocity dispersion is ∼ 200 km s−1, when the
system is viewed along the outflow z-axis. In the phases
where the AGN is more active σturb can reach values as high
as 400 km s−1. Note that the outflow, with velocity often
exceeding 104 km s−1, poorly contributes to σturb, because
of the very low density. The gas turbulence becomes weaker
at larger distances from the centre. In the ring 5 < R < 20
kpc, σturb decreases to ∼ 60−100 km s−1, while in the region
20 < R < 40 kpc, σturb ∼ 40− 70 km s−1. One missing ele-
ment of our models is the effect of cosmological merging and
inflow, which may trigger additional turbulence, although
more efficiently at large radii (> 0.1 the virial radius; e.g.
Vazza et al. 2011).
When the galaxy is observed along a line of sight per-
pendicular to the outflow direction (e.g. the x−axis) the
mean central σturb has lower values, ∼ 100 km s−1, with
peaks about a factor of two larger. For the standard cool-
ing flow model presented in Section 3.1 we find instead
σturb <∼ 45 km s−1. This quantity is certainly not associ-
ated with turbulent motions, while it represents the steady
radial inflow velocity due to the massive cooling flow.
We conclude that subrelativistic outflows are able to
generate, in the core, the observed turbulent velocities, in
the range vturb ≡
√
2σturb ≈ 100 − 400 km s−1. The
non-thermal pressure is generally a fraction of the thermal
energy, around one third (Eturb/Eth ≈ 0.2 (v2turb,200/T7),
where the turbulent velocity is expressed in units of 200
km s−1, and the gas temperature in units of 107 K).
5.2 Comparison with other AGN feedback
scenarios
It is interesting to compare our purely mechanical feedback
with other types of AGN heating processes. To our knowl-
edge, only very few investigations focused on AGN feed-
back in ellipticals6. For example, Ciotti, Ostriker and col-
laborators (1997, 2010) have investigated a type of feed-
back triggered by AGN radiation (mainly Compton heat-
ing, radiation pressure, plus an approximation of a broad-
line-region wind), through 1D hydrodynamic simulations.
The best models have been analysed in detail by Pellegrini
et al. (2012) and compared to observations. The key fea-
ture of these models is the formation of a cold shell at r ∼ 1
kpc, whose evolution governs the whole quasar-like feedback
heating (in order to be efficient, radiative feedback requires
a very dense - optically thick - absorbing medium). We note
that in 1D simulations a cold shell can numerically form
under several circumstances, with or without AGN heating
(see for instance the ‘galactic drip’ phenomenon described
in Mathews & Brighenti 1997 and Brighenti & Mathews
2002). It is not clear how 1D calculations are able to realis-
tically follow the formation and evolution of the shell. Sub-
sonic, non-radial gas velocity appearing in multidimensional
6 We refer the reader to G11a and G11b for the comparisons with
different AGN feedback models in other types of environment,
as galaxy clusters (e.g. Vernaleo & Reynolds 2006; Cattaneo &
Teyssier 2007).
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models tend to suppress this feature (Brighenti & Mathews
1997). The cold shell is also Rayleigh-Taylor unstable and
should fragment in about a dynamical time, ∼ few × 106
yr. Another complication is the difficulty for hydrodynamic
simulations to reproduce the real complexity of the observed
multiphase ISM in the inner < kpc (see Introduction).
Given these uncertainties, it seems more appropriate to
compare our results with those presented in Novak et al.
(2011), where the 2D version of the previous feedback sce-
nario for an isolated elliptical galaxy is investigated. In these
simulations conical outflows, representing broad absorption
line (BAL) winds, are generated near the centre of the grid,
making the computed scenario qualitatively similar to our
models. Novak et al. (2011) found that the accretion pro-
cess significantly changes in 2D, reducing the effectiveness
of the feedback mechanism with respect to isotropic 1D mod-
els. They explored the effect of varying the mechanical ef-
ficiency, finding that an acceptable BH growth is attained
when  >∼ 10−4, consistent with the preferred values found
in our work. About 1010 M of stars form in Novak’s ellipti-
cals, almost independently on the wind efficiency, implying
a mean star formation rate of ∼ 0.8 M yr−1. It would be
interesting to estimate the central Balmer indexes (depen-
dent on the star formation history) and compare them with
the available observations (e.g. Kuntschner et al. 2010).
Unfortunately, Novak et al. (2011) do not show az-
imuthally averaged temperature and density profiles, thus
it is not possible to assess the effect of the AGN feedback on
these key observable constraints. Nevertheless, together with
our calculations, the results presented in Novak et al. (2011)
corroborate the potential importance of bipolar outflows as
a primary source of AGN feedback.
Debuhr et al. (2012) carried out 3D SPH simulations
of AGN outflows driven by quasar radiation during a ma-
jor merger. They noted that radiation pressure alone does
not produce any substantial feedback, requiring an addi-
tional momentum kick with velocity ∼ 104 km s−1 (like
BAL winds), similar to our best models. Large values of the
optical depth are usually required to boost such fast out-
flows (τ ∼ 5 − 10). The strong isotropic outburst produces
a clear galactic outflow, drastically reducing the mass inside
3 kpc (two orders of magnitude). This is a typically feature
associated with strong isotropic heating (either mechanical
or thermal), which unbinds and shocks the central gas to
unobserved levels in normal ellipticals. Bipolar mechanical
outflows are instead gentler, capable to reproduce the ob-
served anisotropic X-ray features as cavities (Figure 3).
As a concluding remark, we note that the radiative feed-
back displays a strong impact on the ISM only in the pres-
ence of quasar-like objects, which are certainly rare in the
local universe, with a rapid decline below redshift ∼ 1.8
(Schneider et al. 2005).
5.3 Comparison with galaxy clusters and groups
After a systematic study of AGN outflow feedback, from the
cluster scales down to the galactic systems (Gaspari et al.
2009, 2011a,b, 2012), it is worth to wrap-up and emphasise
the main similitudes and differences.
Despite the very different environments of clusters,
groups and ellipticals, purely mechanical AGN feedback, in
the form of massive anisotropic outflows, is anyway able
to suppress the cooling flow down to a factor . 5 − 10%.
The self-regulation process is fundamental for preserving the
cool-core structure, in a state of quasi thermal equilibrium.
In order to have a proper self-regulation, the AGN feed-
back seems to require mechanical efficiencies decreasing with
the halo mass:  ∼ 5×10−3 (cluster), ∼ 8×10−4 (group) and
∼ 3×10−4 (isolated elliptical). We stress that this  does not
probably represent the actual efficiency. The accreted mass
on the black hole may be lower, while the feedback power
could be maintained on the same level by increasing the ef-
ficiency. Nevertheless, the increasing efficiency with system
mass trend could be real. In fact, the same mechanical feed-
back successful in massive clusters (Mvir ∼ 1015 M) needs
to work on a relatively less powerful regime in order to pre-
vent the core disruption in groups or galaxies (. 4 × 1013
M), which are less bound objects. Even with a lower ,
the feedback in lighter halos has still more dramatic conse-
quences on the temperature and density profiles, with the
stronger outbursts easily perturbing the central region. The
isolated galaxy is the exemplary case, in which single out-
flows of power ∼ 1044 erg s−1 and  = 3.3× 10−4 can eject
the gas outside the small system, stopping cooling for sev-
eral tens Myr. Applying a feedback 20 times stronger, as
required for clusters, would eject the whole ISM and empty
the galaxy for several Gyr. The physical reason for the me-
chanical efficiency to be linked to the environment/potential
well is unclear and needs to be clarified with future investi-
gations. The fact that the most massive black holes reside
at the centre of clusters (McConnell et al. 2011) could play
a crucial role.
The cooling flow problem in our simulations is solved
through AGN outflows for more than 7-10 Gyr, despite the
exact details of the feedback mechanism (cf. G11a and Gas-
pari et al. 2012). In the cluster calculations the resulting
feedback was impulsive, with strong outbursts sometimes
exceeding Eddington power. Increasing the resolution leads
to a higher outflow frequency (and lower powers), because
the central inflowing material is able to accrete more easily
along the direction perpendicular to the jet axis. The AGN
outburst frequency is also correlated to the efficiency, e.g.
in the group the outflow injection is almost continuous with
a duty cycle around 0.8. The isolated galaxy is a slightly
different case, because the absence of the circumgalactic gas
helps the feedback action, leading to a mildly impulsive be-
haviour.
The galaxy simulation cgg-8em4 (Sec. 4) can be re-
garded as a convergence test of the best feedback group
model in G11b. The increase in resolution is almost a factor
2 and we find indeed consistent results. Cooling rates and
profiles are similar, concordant with observational data. Also
the jet powers (∼ 3 − 5 × 1044 erg s−1) are similar, show-
ing an analogous evolutionary pattern and frequency. It is
worth noting that the jet active region is R×z ' 1×1 kpc in
the CGG model, while 1× 2 kpc in the group run presented
in G11b. Therefore, a slightly longer jet does not alter the
feedback properties (the same can be said for the width, as
tested in previous models).
In all the best models the self-regulated outflow veloci-
ties are around 104 km s−1, with rarer events reaching sev-
eral 104−105 km s−1 in the strongest phases. The mean mass
outflow rate decreases with the mass of the system: several
tens M yr−1 (cluster), few M yr−1 (group), and . 1 M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yr−1 (isolated galaxy). More massive and slower outflows
usually show a higher piercing power, producing a narrow
unidirectional channel. This is more evident in almost con-
tinuous feedback models, like galaxy groups or galaxies with
CGG. However, the projected X-ray surface brightness maps
mask this narrow feature (∼ 1 kpc) most of the times. More-
over, the turbulence generated by the feedback can easily
alter and fragment the jet path, producing tiny bubbles. On
the contrary, relatively lighter and faster outflows (still sub-
relativistic) thermalise the energy more efficiently, inflating
big buoyant bubbles.
In the cluster regime the bubbles have usually a ra-
dius of few tens kpc, with emission-weighted temperatures
slightly hotter than the ambient medium; the reduced power
in groups and ellipticals produces more ‘delicate’ cavities
(with radius several and few kpc, respectively), showing rel-
atively cold rims and mild internal temperatures; the jump
in SBX is typically 20− 40%. In all three systems, different
or fragmented jet outbursts generate also a series of weak
shocks with Mach number 1.1−1.3, visible as faint ripples in
the temperature and brightness profiles. Another fundamen-
tal feature they all have in common is the uplift of relatively
cold and metal-rich gas, in particular during more powerful
episodes, restoring the lost potential energy and creating
the asymmetrical distribution in the iron abundance maps
(10− 20% contrast with the background).
The most successful models are those where the
accretion is linked to cold gas. Hot gas accretion, based on
the original Bondi prescription, usually provides accretion
rates one or two orders of magnitude lower, requiring very
high mechanical efficiencies,  & 0.1, in order to make the
feedback effective. Moreover, its continuous nature poses
serious doubts on the cyclic production of typical features,
such as buoyant cavities. Linking the accretion to the
cooling rate induces instead a natural self-regulation, with
some kind of recursive cycle and peaks of activity. The
success of the feedback is essentially independent of the
dropout parameters, such as Tcut (e.g. 2 × 104 or 5 × 105
K), the dropout function (exponential or step), or the delay
associated with the free fall of cold blobs. The simulations
carried out in Gaspari et al. (2012), with the accretion
traced only by the inflow in the nuclear region, confirm that
the bulk of AGN fuelling is associated with the cold – and
not hot – phase (check M˙acc in fig. 3), whose condensation
is linked to jet-induced thermal instabilities.
6 CARDINAL CONCLUSIONS
For all the reasons argued above and based also on our pre-
vious theoretical numerical studies on AGN heating, we find
that the best feedback mechanism able to solve the cooling
flow problem in every virialised system with a substantial
hot gas halo, requiring
• no overcooling (M˙cool < 5− 10% M˙classic CF),
• no overheating (preserve the cool-core structure),
and reproducing several observational features, such as
• buoyant underdense bubbles,
• elliptical cocoons,
• weak shocks/sonic ripples (Mach <∼ 1.5),
• dredge-up of metals and cold gas,
• subsonic turbulence (hundreds km s−1),
• extended filamentary and nuclear cold gas,
should possess the following key characteristics:
• mechanical,
• anisotropic,
• driven by massive and subrelativistic outflows,
• self-regulated by cold accretion,
• and less efficient in lighter halos.
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